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Aspergillus flavus Link:Fr. causes an ear and kernel rot of maize (Zea mays L.). Although A. flavus is a common fungus growing as a saprophyte on dead plant debris, infection of living tissue can occur when plants are damaged by insect pests or severely stressed by drought and high temperatures. Such conditions are most common in the southeastern and southwestern United States (14, 25) . This disease, known as Aspergillus ear rot, is of economic concern, because aflatoxins are produced by A. flavus. Aflatoxins are a family of structurally related secondary metabolites that, when ingested by a number of animal species, are potent liver toxins and carcinogens. The U.S. Food and Drug Administration has set legal limits (20 ppb) on the amount of aflatoxin that can be present in grain sold through interstate commerce, and many international markets have established limits that are often much lower than those set by the United States.
Control of Aspergillus ear rot is difficult. Other than irrigation, there is no effective management practice for controlling the disease (25) . Although genetic resistance has potential, no commercial hybrids with resistance are currently available (9, 10, 17, 30, 33) . Several researchers have identified maize genotypes with varying degrees of resistance; however, defining the specific loci involved has been arduous. A major difficulty has been the lack of uniform environmental conditions from year to year, making field selection of resistance difficult (14, 25) .
One approach for identifying host factors involved in resistance and susceptibility to infection by A. flavus and aflatoxin biosynthesis is the careful examination of the host-fungus interaction. For this purpose, we developed a reporter-gene assay that can readily measure molecular activation of aflatoxin biosynthesis (15) . A DNA construct was made with the promoter of one pathway gene (ver1) cloned immediately upstream of the β-glucuronidase (GUS) gene (uidA) from Escherichia coli. The product of the ver1 gene is involved in the conversion of versicolorin A to demethylsterigmatocystin in the aflatoxin biosynthetic pathway (11, 31) . Analysis of RNA transcript analysis, aflatoxin accumulation, and GUS expression showed that the ver1:GUS construct in an A. flavus transformant (GAP13-22) reliably monitors the promoter activity of the ver1 gene (15) . These data also demonstrated that the promoter-GUS construct can be utilized effectively to examine the timing and magnitude of gene expression of at least one gene in the pathway (15) .
With the GUS reporter, an aflatoxin-inducing activity was detected previously in culture filtrates of the aflatoxigenic A. flavus strain NRRL 3357 grown on maize kernels (15) . The inducing activity passed through ultrafiltration membranes with 10-kDa exclusion and was not inactivated by 15 min of autoclaving. Filtrates from suspensions of ground maize kernels without the fungus also had inducing activity. However, the activity was variable between experiments, and it was completely lost after filtration through glass microfilters (15) . These data suggested that the inducing activity was the degradation products of a complex seed molecule. A major component of the ground maize kernels was starch. Therefore, the objective of the this study was to explore the possibility that an amylase produced by A. flavus and the degradation products of starch have a role in the aflatoxin induction mechanism in colonized maize kernels.
MATERIALS AND METHODS

Fungal isolates and culture methods.
A. flavus strain GAP13-22 is a transformant of strain 656-2 (whi, leu, aflR) containing the ver1 promoter:GUS-reporter construct GAP13 and the AflR construct B9X2 (15, 26, 36) . Strain NRRL 3357 was obtained from U.S. Department of Agriculture Northern Regional Research Center in Peoria, IL. Fungi were grown and maintained on potato dextrose agar.
For measuring induction of aflatoxin biosynthesis, 1 ml of peptone mineral salts (PMS) medium (8) and 10 6 conidia of transformant GAP13-22 were placed in each well of a 24-well tissue culture plate. After 3 days of incubation at 28°C, the PMS medium was replaced with known sugar solutions or filtrates from A. flavus cultures containing putative-inducing activities. Previous studies indicate that the specific activity of GUS can vary between experiments, but within an experiment there is little variation between replicates (15) . Therefore, each experiment included a positive (aflatoxin-inducing) control: PMS plus 60 g/liter of glucose (PMSG) as a replacement medium (8) . Twenty-four hours after the media replacement, mycelia were removed from the wells and stored at -20°C until GUS analyses were performed. Potential aflatoxin-inducing sugars were tested as aqueous solutions containing 10 mM leucine. Maize kernel-derived culture filtrates (EF) were produced by growing A. flavus strain NRRL 3357 on ground maize kernels. Kernels (30 g) of Pioneer hybrid 3369A were ground to a fine powder, suspended in 40 ml of water, autoclaved for 20 min, and inoculated with 10 7 conida. Filtrates of cultures grown on amylopectin (AP) were produced by growing strain NRRL 3557 on media containing 35 mM sodium nitrate, 4.4 mM dipotassium phosphate, 2.0 mM magnesium sulfate, 6.7 mM potassium chloride, 36 µM ferrous sulfate, and 0.2 or 2% amylopectin (corn starch). Cultures were filtered through Miracloth (Calbiochem-Behring, La Jolla, CA), and the filtrates were centrifuged to remove fungal and insoluble material. Prior to adding the culture filtrates to the GUS bioassay, leucine was added at a final concentration of 10 mM. All induction experiments were repeated at least twice.
GUS analysis. Frozen mycelium was placed in a 1.5-ml microfuge tube with 20 mg of glass beads (100 to 200 µm) and 300 µl of GUS extraction buffer (50 mM sodium phosphate [pH 7.0], 10 µM β-mercaptoethanol, 10 mM sodium EDTA, 0.1% Triton X-100, and 0.1% sodium lauryl sarcosine). Mycelium was homogenized for 30 s using a pestle. After centrifugation for 2 min at 14,000 × g, the supernatant was assayed for protein and GUS activity. Protein was measured by the method of Bradford (4) with bovine serum albumin as the standard. GUS was determined by the addition of 50 µl of fungal extract to 500 µl of assay buffer (1.25 mM 4-methylumbelliferyl [MU] β-D-glucuronide in extraction buffer) preincubated at 37°C. After 0, 5, and 10 min, 100 µl of buffer was removed from reaction tubes and transferred to microfuge tubes containing 900 µl of 0.2 M Na 2 CO 3 to stop the reaction (15) . The enzyme product MU was measured with a Hoefer TKO-100 fluorometer (Hoefer Scientific Instruments, San Francisco).
High-pressure liquid chromatography (HPLC) analysis. Sugars were separated with a Carbo-Pac PA1 anion-exchange column (Dionex Corp., Sunnyvale, CA) and a Dionex BioLC (Dionex Corp.) equipped with a pulsed amperometric detector. The sugars were eluted using a 20-min linear gradient from 200 mM NaOH to 200 mM NaOAc in 200 mM NaOH, followed by a 20-min linear gradient up to 500 mM NaOH in 500 mM NaOAc. Prior to injection onto the column, culture filtrates were mixed 1:1 with ethanol and placed on ice for 30 min. After centrifugation, the supernatants were dried under vacuum and dissolved in water. Glucose, maltose, and maltotriose were used as standards.
Amylase analysis. The isoelectric focusing (IEF) procedures were as previously described (12, 28) , except premanufactured IEF gels (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) were used. These gels contained pharmalytes yielding a pH gradient of 3.5 to 9.5. The pH gradient was determined directly with a flat pH electrode. Fifteen microliters of the culture filtrates were loaded on the IEF gel. Gels were analyzed for amylase activity with overlays containing 0.5% amylose in 1% agarose. Amylase was detected as a cleared zone after flooding overlays with an iodine solution (0.05% wt/vol).
Amylase activity was determined by incubating 0.1 ml of the culture filtrates with 0.5 ml of 3% soluble starch and 0.9 ml of 100 mM sodium acetate, pH 5.2. After an incubation period ranging from 3 to 30 min at 40°C, reducing sugars were measured by the method of Nelson (24) . Products were analyzed by incubating culture filtrates (0.1 ml) with 0.1 ml of 0.6% maltose, 0.6% maltotriose, 0.6% maltotetraose, or 0.6% maltoheptaose for 8 h at 40°C. The enzyme reactions were stopped by heating at 100°C for 5 min, and products were separated by thin-layer chromatography (TLC). Plates (silica gel G 60) were developed in n-propanol/water/ammonium hydroxide (70:30:1), and the products were detected by spraying the TLC plates with 30% sulfuric acid solution and charring at 100°C. Figure  1 , an inducing activity was detectable in the maize culture filtrates (EF) after 2 days of incubation. This inducing activity increased to a maximum by day 4 and then decreased. In contrast, no inducing activity was detected in the AP culture filtrates. The culture filtrates were also analyzed for amylase activity. Amylase activity in EF essentially paralleled that of the aflatoxin-inducing activity (Fig. 2 ). An increase in amylase activity was detected in 2-day-old cultures, reaching a maximum at 4 days, with decreased levels at days 6 and 9. Amylase in the AP culture filtrates followed a simi- Fig. 3 . Analysis of sugars in maize (EF), 0.2 and 2% amylopectin (AP) culture filtrates. Samples were loaded onto a Carbo-Pac PA1 anion-exchange column of a Dionex BioLC equipped with a pulsed amperometric detector. Sugars were eluted with a 20-min linear gradient from 200 mM NaOH to 200 mM NaOAc in 200 mM NaOH, followed by a 20-min linear gradient up to 500 mM NaOH in 500 mM NaOAc. Standards were A, glucose; B, maltose; and C, maltotriose. The EF culture filtrate was diluted 1,000-fold prior to injection, and 0.2% AP culture filtrate was diluted 10-fold. The 2% AP culture filtrate was diluted 50-fold prior to injection. 5 . Thin-layer chromatographic (TLC) analysis of maltooligosaccharides digested by maize EF and 2% amylopectin (AP) culture filtrates. Culture filtrates were incubated for 8 h at 40°C with A, no substrate; B, 0.6% maltose; C, 0.6% maltotriose; D, 0.6% maltotetraose; or E, 0.6% maltoheptaose. After chromatographic development, products were detected by spraying the TLC plates with 30% sulfuric acid solution and charring at 100°C. lar pattern as in EF. When the initial concentration of amylopectin in the cultures was increased from 0.2 to 2%, an inducing activity was detected in the culture filtrates collected after 2 days of growth (Fig. 1) . Low inducing activity was observed in filtrates collected at 4, 6, and 9 days.
RESULTS
Analysis of culture filtrates. A. flavus
The culture filtrates collected after 4 days of incubation were analyzed for sugars by HPLC. In the EF culture filtrates, carbohydrates eluted from the HPLC column at the same retention time as glucose, maltose, and maltotriose (Fig. 3) . These sugars were present in near-equal molar concentrations (about 15 mM). In contrast, sugars were not detectable in 0.2% AP culture filtrates at any time point. Analysis of the 2% AP culture filtrates collected at 2 days indicated the presence of 4.5 mM glucose, 7.5 mM maltose, and 2.5 mM maltotriose, as well as other sugar oligomers (Fig. 3) . Trace amounts of these sugars were detected in filtrates from days 4, 6, and 9 (data not shown). Proteins in the 4-day EF and 0.2% AP culture filtrates were analyzed by isoelectric focusing. An overlay of the gels with AP and the subsequent staining with iodine indicated that both AP and EF contained a single band of amylase activity with a pI of 4.3 (Fig. 4) . The culture filtrates were also incubated with maltooligosaccharides, and the products analyzed by TLC. Glucose and maltose were produced from maltotriose, maltotetraose, and maltoheptaose, but maltose was not hydrolyzed to glucose (Fig. 5) .
Induction of GUS by various carbohydrates. Glucose, maltose, and maltotriose were tested in the GUS-expression bioassay and found to induce GUS activity at concentrations as low as 1 mM (Fig. 6 ). Increasing concentrations of glucose up to 200 mM resulted in a corresponding increase in GUS activity. In contrast, the level of GUS activity induced by maltose and maltotriose reached a maximum between 20 and 200 mM. When these sugars were tested together in various combinations, no synergism was detected (data not shown). Deoxyglucose (100 mM) was tested in the assay and did not induce GUS activity (data not shown). Sorbitol and fructose induced GUS activity to a similar level as glucose (Fig. 7) . Lactose, sorbose, and glycerin were poor inducers (Fig. 7) .
DISCUSSION
A goal of this research was to characterize the aflatoxin-inducing factor(s) detected in the culture filtrate of maize kernels colonized by A. flavus. The presence of glucose, maltose, and maltotriose in the culture filtrates suggests that these sugars are part of the aflatoxin-inducing activities. It has long been established that the source of carbohydrates available to A. flavus or A. parasiticus greatly influences aflatoxin production. Studies by Diener, Buchannan, and others showed that glucose, sucrose, and maltose support high levels of aflatoxin; whereas, carbon sources such as peptone, lactose, and xylose support growth of the fungi, but do not produce high levels of aflatoxin production (1,2,7,13,23,27, 34). Abdollahi and Buchanan (2) showed that the glucose analogs α-methyl-D-glucose and 3-0-methyl-D-glucose did not induce aflatoxin. From these studies, it was hypothesized that the best inducers of aflatoxin biosynthesis were carbon sources readily metabolized by glycolysis and the pentose phosphate pathway. The molecular data obtained in the present study confirmed much of the work published by these earlier researchers and support their hypothesis. Carbohydrates such as glucose, maltose, maltotriose, fructose, and sorbitol resulted in the highest level of induction of GUS activity, whereas peptone, lactose, sorbose, and glycerin were poor inducers. The glucose analogue 2-deoxy-D-glucose also was tested and found not to induce GUS activity.
The minimum glucose concentration for the induction of aflatoxin biosynthesis also was determined by the earlier researchers. Wiseman and Buchanan (34) reported the induction of aflatoxin biosynthesis by A. parasiticus 48 h after replacing the PMS medium with 100 mM glucose. Lower concentrations (1 and 10 mM) of glucose failed to induce detectable aflatoxin production. Using the GUS-reporter assay, we have shown that a gene involved in aflatoxin biosynthesis was induced within 24 h after replacement of the medium with glucose concentrations of 1 mM. It was also shown that maltose and maltotriose induced GUS activity at similar concentrations. These data indicate that an assay measuring aflatoxin gene expression is more sensitive than measuring aflatoxin directly. The data also indicate that a mechanism regulating aflatoxin biosynthesis is activated by low levels of carbon and that increasing the carbon concentration accentuates the induction process.
The carbon sources that induce aflatoxin are most likely metabolized by alcoholic fermentation. This conclusion is based on several observations. Aflatoxin-producing cultures have been shown to have degenerated mitochondria (7), accumulate ethanol (29) , and have increased expression of the alcohol dehydrogenase gene adh1 (35) . Remaining unresolved is whether the induction of aflatoxin biosynthesis occurs in response to internal energy levels (1), by changes in the level of cyclic nucleotides (22) , or by other factors.
Analysis of the culture filtrates suggests that a single α-amylase is responsible for starch-degrading activity. No evidence was found to indicate that maltase or amyloglucosidase was produced to any significant level in the culture filtrates. These data are in agreement with Khoo et al. (19) , who purified an α-amylase from A. flavus grown on raw tapioca starch. A. flavus appears to be different from the closely related species A. oryzae, which produces both α-amylase and amyloglucosidase when grown on starch (16) .
Several reports indicate that A. flavus preferentially colonizes the embryo tissue upon infection of maize kernels (5, 6, 18) . All indications are that the endosperm is not significantly affected by the fungus until late in the destruction of the kernel. Aflatoxin is also produced predominantly in the embryo tissue (5, 6, 18) . A. flavus may colonize the embryo tissue first, because it is richer in nitrogen and other nutrients than the endosperm. Although starch is the primary component of the endosperm, the embryo also has significant amounts of starch, as much as 8% of the dry weight (32) . Increase in amylase activity in the filtrates from maize kernel cultures paralleled the increase in aflatoxin-inducing activity, suggesting that the action of amylase on the maize starch has a role in induction. We hypothesize that, after embryo colonization, A. flavus produces an extracellular amylase that supplies a burst of fermentable sugars, and it is these sugars that induce aflatoxin biosynthesis. A similar pattern of amylase production was observed when A. flavus was grown on amylopectin as a carbon source; however, the filtrates from the 0.2% amylopectin cultures did not contain measurable amounts of glucose, maltose, or maltotriose and did not induce GUS activity. When the initial amylopectin was increased 10-fold, inducing activity and these sugars were detected in the 2-day culture filtrates. These data suggest that the products of amylopectin degradation were limiting in the 0.2% culture. As a consequence, the products were likely rapidly consumed by the growing fungus and not available to stimulate aflatoxin biosynthesis.
Although the data presented are not conclusive that amylase has a role in the production of aflatoxin in infected maize, they suggest that inhibiting the action of the amylase produced by A. flavus may be a viable control strategy. An obvious question is do the various plant amylase inhibitors have any effect on amylases from A. flavus? Published literature suggest that many of the known amylase inhibitors, including maize, have little or no activity toward fungal amylases (3, 20) . There is one report indicating that the inhibitor from black bean has activity against fungal amyloglucosidase, but it was not inhibitory to α-amylases (21) . We have tested wheat (Triticum aestivum) amylase inhibitor (Sigma Chemical Co., St. Louis) and determined that the inhibitor did not inhibit the amylase from A. flavus, but inhibited porcine pancreatic α-amylase by 90% (C. P. Woloshuk and J. R. Cavaletto, unpublished data).
